Dickkopf-1 (dkk-1) is member of a novel family of secreted proteins and functions in head induction during Xenopus embryogenesis, acting as a potent inhibitor of Wnt signalling. Here we report: (1) the isolation of two additional murine members of the dkk family, dkk-2 and dkk-3; and (2) analysis of adult and embryonic gene expression of mouse dkk-1,-2, and -3, Xenopus dkk-1 as well as chicken dkk-3. Comparative developmental analyses of the dkk-1, dkk-2 and dkk-3 in mice indicate that these genes are both temporally and spatially regulated. They de®ne overlapping deep domains in mesenchymal lineages suggesting a co-ordinated mode of action. All dkks show distinct and elevated expression patterns in tissues that mediate epithelial-mesenchyme transformations suggesting that they may participate in heart, tooth, hair and whisker follicle, limb and bone induction. In the limb buds expression of these genes are found in regions of programmed cell death. In a given organ, dkk-1 tends to be the earliest member expressed. Comparison with Xenopus dkk-1 and chicken dkk-3 shows evolutionarily conserved expression patterns. Our observations indicate that dkk genes constitute a new family of secreted proteins that may mediate inductive interactions between epithelial and mesenchymal cells. q
Introduction
Xenopus dkk-1 was identi®ed as a head inducer and shown to act as a Wnt antagonists (Glinka et al., 1998) . It is the prototype for a new family of secreted proteins. Experimental evidence from amphibia as well as genetic evidence in mouse established that head and trunk formation in vertebrates involve distinct inductive processes (BallyCuif and Boncinelli, 1997; Bouwmeester and Leyns, 1997; Harland and Gerhart, 1997; Beddington and Robertson, 1998) . We suggested a two-inhibitor model to explain these different inductions by the amphibian organiser, whereby head formation requires simultaneous inhibition of BMP and Wnt signalling, while trunk formation involves inhibition of BMP signalling only (Glinka et al., 1997) . The Spemann organiser is a source of such secreted inhibitors including dkk-1 (Bouwmeester et al., 1996; Harland and Gerhart, 1997; Glinka et al., 1997; Sasai and De Robertis, 1997; Glinka et al., 1998; Hsu et al., 1998) .
Comparisons with the EST database have indicated that at least three additional members of the dkk family of secreted proteins are present in different species, including human. We previously described the early embryonic expression of Xenopus and mouse dkk-1 in head mesoderm, foregut endoderm and presomitic mesoderm. However, the late embryonic expression of dkk-1, as well as the properties of dkk-2 and -3 are unknown.
Since many secreted factors function in multiple processes, both during embryogenesis and adult life, dkks may also be involved in a variety of induction processes apart from head formation. Studying the role of these genes in the relevant tissues requires a detailed knowledge of their expression pattern and activities during early and late developmental stages. In the present study we ask in which tissues are dkk genes expressed during embryogenesis and is there a unifying theme in their expression?
We report here cloning of full-length mouse dkk-2 and -3 and analysis of dkk-1-3 expression patterns during develop-ment. We observe co-ordinate expression in multiple mesenchymal tissues and in hindbrain derived neural crest populations. These observations suggest inductive roles for Dkk proteins in multiple epithelial±mesenchymal interactions.
Results

Isolation of mouse dkk-2 and dkk-3
Sequence database comparisons indicated that dkk genes constitute a family of cysteine rich proteins with at least three members, dkk-1, -2 and -3. A full length dkk-1 clone and a preliminary analysis of its expression pattern were previously described (Glinka et al., 1998) . Using partial mouse dkk-2 and human dkk-3 clones we isolated full length mouse dkk-2 and dkk-3 cDNAs. Fig. 1 shows a sequence alignment of all three mouse dkk genes. All contain a signal sequence, indicating that the proteins are secreted and two cysteine rich domains characteristic for dkks. Dkk-1 and -2 are closer related to each other than to dkk-3 (Fig. 1, legend) . Expression of mouse dkks in adult tissues was analysed by reverse transcription-polymerase chain reaction (RT-PCR) (Fig. 2) . Unlike dkk-1, which is predominantly expressed during embryogenesis, dkk-2 and -3 show transcripts in many adult tissues. However, prominent expression of dkks, including dkk-1, is found in the eye. Fig. 1 . Mouse dkk-1, dkk-2, and dkk-3 cDNAs. Deduced amino acid sequences from mouse dkk-1, -2,-3 were aligned using MALIGN programme. Identical amino acids are boxed. Conserved Cys-rich domains 1 and -2 characteristic for dkks are underlined. The amino acid sequence similarity (identity) are (%): mdkk-1/-2: 59 (42), mdkk-1/-3: 48 (25), mdkk-2/-3: 45 (24).
Early expression in ectodermal, endodermal and mesodermal lineages
A preliminary expression pro®le of this gene in early stages of embryogenesis has previously been described (Glinka et al., 1998) , here we present its expression pattern in later developmental stages. From E8 transcripts of dkk-1 are found in de®ned mesodermal lineages including the limb buds, branchial arches, heart, urogenital ridge, tailbud, palate and additional craniofacial regions (Fig. 3A) . Dkk-2 and dkk-3 are ®rst detected on day E9 post coitum (p.c.) Dkk-2 and dkk-3 are initially found in the neuralepithelium in cells of the ventral diencephalon (Fig. 3B ,C, arrows). Dkk-2 is also expressed in the otic vesicle at this stage (Fig. 3B) . On day 9.5 p.c. expression of dkk-2 and dkk-3 intensi®es in distinct mesodermal lineages. From E9.5 p.c. onwards, dkk-2 is the most broadly expressed gene and found in most populations of undifferentiated trunk mesenchyme (not shown). Dkk-3 levels elevate slightly later than dkk-2 and are more restricted than dkk-2 in trunk mesenchyme. All three genes show dynamic patterns of gene expression in mesoderm including the limb buds, branchial arches, heart, urogenital ridge, tailbud, palate and additional craniofacial regions during embryogenesis which is summarised below.
Expression during heart formation
Lateral plate mesoderm cells of the cardiogenic plate contribute to all components of the circulatory system including, the endocardium, the myocardium, pericardium and blood vasculature system. Dkk-1 is expressed in cells which have been shown to induce formation of the heart such as the invaginating endoderm, and in cells which respond to this inductive signal, the cardiac mesoderm on E8 p.c. (Lawson et al., 1986; Lawson and Pedersen, 1987; Icardo, 1988; Lawson et al., 1991; Lawson and Pedersen, 1992) . Within the developing heart dkk-1 transcripts are ®rst expressed on day E8.5 p.c (Glinka et al., 1998) . From day E9 p.c, expression of dkk-1, dkk-2 and dkk-3 are detected in distinct cardiac mesoderm populations. Dkk-1 is strongly expressed in endocardial cells and in the aortic sac, as well as in the ®rst branchial arch which is most likely to be of neural crest origin. On day E10 p.c., dkk-1 transcripts are strongly expressed in cells of the ®rst branchial arch and lining the region where the aortic sac gives rise to the common branchial arch arteries (Fig. 4B ). In addition, transcripts are found in cells of the septum transversum (Fig.  4B ). Dkk-2 is weakly expressed in the ®rst branchial arch and in the aortic sac and is found in a small population of cells in lateral regions of the septum transversum (Fig. 4C , arrow). These cells juxtapose the dkk-1 population but it is dif®cult to conclude if they are mutually exclusive at this stage. In contrast, dkk-3 is found in the myocardial cells of the developing ventricles in cells of the bulbus cordis and the sinus venus (Fig. 4D) .
Over the next 3 days of development, expression of dkk-1 and dkk-3 intensi®es whereas transcription of dkk-2 remains weak in developing heart muscle. On day E12.5 p.c., dkk-1 and dkk-3 gene products are found in the ventral walls of the left and right atrium and in the cushions that develop in the atrioventricular and truncoconal regions (Fig. 4E±I) . Expression does not extend into the main body of the ventricles (Fig. 4G,I ). Dkk-3 expression extends more caudal than dkk-1 in this tissue (not shown). In addition, transcription of dkk-1 and dkk-3 are also found in emerging blood vessels. Dkk-1 is strongly expressed in the aorta (not shown). Dkk-3 is similarly expressed in the aorta and is also weakly expressed in the pulmonary arteries (Fig. 4F,I , arrow). In contrast, dkk-2 mRNA is found in the endothelial cells in the pulmonary artery (Fig. 4H) .
The pericardial sac also expresses high levels of dkk-2 and dkk-3 (not shown). Dkk-3 can also be found in cells condensing around the main branches of the bronchus (Fig. 4F,I ). In the ventral part of the thoracic body wall cavity both dkk-2 and dkk-3 transcripts are found in mesenchyme of the developing diaphragm and peritoneum (not shown).
Expression during limb bud and bone development
Dkk-1 is highly expressed in the developing limb buds on day E9.5 p.c. (Fig. 5A,B) Transcripts are restricted to super®cial anterior and posterior mesenchyme cell populations just under the surface ectoderm (Fig. 5A,B) . Expression is higher proximally in cells surrounding the junction between the limb bud and the body wall in regions actively undergoing cell death (Fig. 5B, arrow) . This stream of cells is continuous with the trunk mesoderm population just under trunk surface ectoderm (Fig. 5I,L) . Dkk-2 is also weakly expressed in these cells but extends medially (Fig. 5J ).
Dkk-3 transcripts are absent on E10 p.c. (Fig. 5K) but weak expression appears 12 h later. Transcription of the dkk-1, -2 and -3 genes intensify in the limb bud over the next 2 days as mesenchymal condensations destined to give rise to the skeleton appear (Fig. 5L±N) . Limb bud mesenchyme gives rise to bone, tendons and muscle, however transcription of these genes is down regulated upon terminal differentiation of mesenchyme cells to muscle and tendon. On day E12.5 p.c. dkks are expressed in overlapping mesenchymal domains in the limb buds excluding these condensations. Dkk-2 and dkk-3 are broadly expressed in undifferentiated limb mesenchyme, particularly in interdigit mesenchyme cells undergoing cell death (Fig. 5E±H ). In developing bone on E12.5, dkk-1 transcripts are evident in cells lining the perichondrium (Fig. 5O ). This expression is not restricted to long bones of the developing limbs but is also found in all trunk bones. In general, dkk-3 is highly expressed in mesenchyme condensations around bone primordia immediately adjacent to dkk-1 expressing cells (Fig. 5Q ). Dkk-2 is more broadly expressed in mesenchyme cells around and between mesoderm cells condensing to form bone and muscle, overlapping and adjacent to the dkk-3 population ( Fig. 5M,P) .
On day E15.5 p.c., dkk-2 and dkk-3 transcripts are barely detectable in undifferentiated lateral mesenchyme cells in the body and limbs. Dkk-1 transcription however is maintained in mesenchyme surrounding the developing digits. In addition, intense transcription of dkk-1 is found in a few cells in mineralising bone possibly in invading osteoblasts and in epiphyseal cells (not shown). (1), septum transversum (4). Dkk-2 is also found in the aortic sac and septum transversum (arrow in C) whereas (D) dkk-3 is found in myocardial cells of the bulbus cordis (2) and in the sinus venus (3). Dkk-1 and dkk-2 (arrowhead in C) are found in the ®rst branchial arch mesenchyme (B,C, white arrowhead). Dkk-3 is detected in head mesoderm of the fronto-nasal prominence (arrowhead in D). (E) Light ®eld images of transverse sections through the trunk on day 12.5 p.c. The cardiac valves and out¯ow track boxed in (E) are magni®ed in (F±I). (G±I) shows expression patterns of dkk-1, dkk-2 and dkk-3, respectively. Dkk-1 and dkk-3 show similar patterns of expression, strong in the endocardial cushions and in aortic valve area (as) and aorta and weaker in the pulmonary arteries (arrow in F and H). In contrast, dkk-2 is strongly expressed in the pulmonary arteries (arrow in H). Key: a, atrium; b, bronchi; ba, branchial arches; br, brain; f, hair follicle; t, nasal capsule; lb, limb bud; m, mouth; v, ventricle. Magni®cation: bar in (E) represents 333 mm in (A±D), 500 mm in (E) and 60 mm in (F±I). 
Craniofacial pattern of gene expression
Head and facial mesenchyme is derived in the large part from cephalic neural crest cells. Upper regions of the head are derived from neural crest derived mesenchyme of the fronto-nasal prominence whereas lower head regions are derived from branchial arch mesenchyme. Figs. 6 and 7 illustrate the expression patterns of the dkk gene family members in these cells. All three genes are expressed in broad domains in the developing head from day 9.5 p.c. At this stage, cells strongly expressing dkk-1 and weakly expressing dkk-2 are found in the ®rst branchial arch which contributes to the formation of the lower face (Fig.  4B,C) . Dkk-3 is absent from this structure, however, mesenchyme cells in the frontal nasal mass express dkk-3 (Fig. 4D, arrowhead) . These regions together contribute to the formation of the palate and nasal chambers. In general, as in the developing limbs, dkk-2 and dkk-3 are more broadly expressed in head mesenchyme whereas dkk-1 is more con®ned. All three genes are highly expressed in mesenchyme cells condensing adjacent to epithelia where inductive interactions important for palate, tooth, nasal and hair formation occurs (Fig. 6A±H ). In the palate, dkk-1 is found in mesoderm immediately adjacent to the surface epithelium and in mesenchyme condensations of the developing whiskers, hair follicles and vomeronasal organ (Fig.  6B,F) . Once the hair follicle has formed a vesicle, transcripts spread into the epithelial follicular cells (Fig. 6B ). Dkk-2 and dkk-3 are also expressed in the developing palate except that they are also found on more medial cell populations (Fig. 6C,D) . Dkk-2 and dkk-3 are weakly expressed in mesoderm adjacent to hair or whisker follicles (Fig. 6C,D) . However their patterns of expression in developing teeth suggest that they may be important for tooth speci®cation. Dkk-3 is strongly expressed in mesoderm condensations adjacent to developing tooth epithelium where dkk-2 is down regulated in these regions (Fig. 6G,H) .
A comparison and summary of their expression patterns in craniofacial regions is presented in Fig. 7. 
Expression in the neural epithelium, eye and spinal cord
The neural epithelium differentiates from rostral to caudal into the telencephalon, diencephalon, mesencephalon and rhombecephalon. Although dkk-1 is expressed on day E8 p.c. in broad regions of the neural epithelium, on day E9.5 p.c. (Glinka et al., 1998) , its expression becomes con®ned to a small region in the ventral diencephalon and telencephalon (Figs. 3A and 8A, arrowheads) . On E9.5 p.c. dkk-2 is expressed in a slightly more caudal domain in the cranial exure (Figs. 3B and 8B, arrowheads). Dkk-3 is weakly expressed in the cranial¯exure at this time in a domain overlapping dkk-2 however its boundaries cannot be clearly de®ned (Figs. 3C and 8C, arrowheads) . In E12.5 p.c. embryos, dkk-1 transcription has been down regulated and is only found in a few cells in the mantle zone of the dorsal telencephalic hemispheres, where neurons differentiate, Dkk-3 is found in adjacent cells in the ventricular zone, whereas dkk-2 is found in the ventricular zone of the hypothalamus (not shown). Whole mount in-situ hybridisations on E11.5 indicate that dkk-1, dkk-2 and dkk-3 transcripts are found in facial ganglia (not shown) which are derived from hindbrain neural crest populations.
In the developing eye, dkk-1, dkk-2 and dkk-3 also show exclusive patterns of expression on day E11.5. dkk-1 is expressed in the developing pigmented epithelium and in tip cells of the developing eyelid (Fig. 8D) . Dkk-2 mRNA at this stage is found in mesenchyme cells condensing around the eye and optic stalk and is strongly expressed in cells of the developing cornea (Fig. 8E) . Whole mount in-situ hybridisations indicate that dkk-2 is expressed in the developing ocular muscles (not shown) In the eyelid, dkk-2 is expressed in cells adjacent to dkk-1 positive cells. In contrast dkk-3 is found in cells in the developing retina (Fig. 8F) .
In the spinal cord on day E12.5 p.c., dkk-3 is the major transcript expressed. Its transcripts are restricted to cells in the ventricular zone in the basal half of the neural tube. Transcripts are also found in the roofplate at this stage. Very weak transcription of dkk-1 is also found in this region (not shown). In older embryos transcription of these genes is not detected.
Late embryonic expression of Xenopus dkk-1 and chicken dkk-3
Xenopus dkk-1 is ®rst expressed in the Spemann organiser followed by prechordal plate and presomitic mesoderm (Glinka et al., 1998) but the late expression was not yet reported. At tailbud stage dkk-1 expression continues strongly in the prechordal plate (not shown) and forming somites but now occurs also in ectodermal derivatives (A,B) and (C) represents three horizontal rostral to caudal sections through an E12.5 dp.c. head. The expression domain of dkk-1 is shown in red, dkk-2 in green, dkk-3 in purple. Yellow represents common dkk-1/2 regions whereas brown represents dkk-2/3 regions. Solid lines indicate intense expression whereas dots indicate domains of weaker expression. Dkk-2 is the most broadly expressed gene in head mesenchyme and is found in almost all head mesenchyme cells. It is highly expressed in condensing mesenchyme cells around the neural epithelium (b), optic stalk and eye (e), facial ganglia (fg), developing ear (r) and earlobes (l), palate and surface ectoderm. Dkk-1 is more restricted and is found in mesenchyme condensations of the cranium (c), nasal cartilage, facial ganglia (fg), in the tips of the growing eyelids, hair follicles (hf), vomeronasal organ (vm) and tongue (t). Dkk-3 is found in mesenchyme cells condensing around the developing teeth (arrowheads in C), condensing cartilage cells (c), in the ventricular zones of the spinal cord (sc) and brain (b), and the retina. Mouth, m.
including eyes, otic vesicle, cranial nerves, proctodeum as well as three midline stripes corresponding probably to neural crest derived ®n-mesenchyme precursors (Fig. 9A) . Like in the gastrula, at tadpole stage Xenopus dkk-1 shares a number of expression sites with the mouse gene, including the pituitary, dorsal eye, cranial nerves in branchial arches, archenteron roof and presomitic mesoderm. Additional sites of expression are in dorsal otic vesicle, ®n mesenchyme and archenteron roof (Fig. 9B,C ).
An orphan chicken cDNA (Sawada et al., 1996) encoding dkk-3 (Glinka et al., 1998) was used to analyse expression of the dkk-3 homologue in chicken. Dkk-3 expression is ®rst detected at around chicken embryonic stage 7±8 (Hamburger and Hamilton, 2±4 somites) in the head neural folds, forming somites and area opaca (containing precursors of vascular endothelial cells) (Fig. 9D) . Subsequently, expression becomes more restricted (Fig. 9E,F) . In the CNS expression is highest in the dorsal midline of the fore-and midbrain (Fig. 10E, arrowhead) and along the entire roofplate of the brain and spinal cord (Fig. 9F, inset) as is seen in mouse. Within mesoderm, dkk-3 is expressed by the ®rst forming somites (stage 7±8; Fig. 9D ) and in presomitic and tailbud mesoderm (stage 15; Fig. 9E ). In differentiating somites, it is expressed highest in dorsal myotome (Fig. 9F) . Mesoderm of the visceral arches also express dkk-3 (not shown). As seen in the mouse, dkk-3 seems to play a he, heart; mb, midbrain; ne, neuroectoderm; nc, notochord; pm, pre-somitic mesoderm; rp, roof plate; so, somites. major role in heart and vascular development with transcripts found in the heart and vascular system including the cardinal and umbilical veins and the basilar artery (Fig. 9E,F) .
Discussion
Dkk genes encode a family of conserved secreted proteins, the prototype of which, dkk-1, is expressed in the Spemann organiser and is a key regulator of head morphogenesis in Xenopus (Glinka et al., 1998) . It signals from the endomesoderm to overlying neural epithelium, thus rostralizing its differentiation. Preliminary expression analysis of the murine dkk-1 homologue suggested that it may also play a role in head induction in mice. We have isolated two additional murine dkk genes. While dkk-1 acts as Wnt inhibitor, the biological properties of dkk-2 and -3 as well as the mechanism of action of dkk proteins are not known. Preliminary experiments indicate that all three genes can elicit distinct effects upon overexpression in amphibian embryos (W. Wu and C. Niehrs, unpublished data), suggesting that they mediate non-redundant functions. To study the role of dkks, we here compared systematically their embryonic expression. Dkk-1, -2 and -3 show overlapping expression patterns in distinct mesoderm lineages, indicating that they may mediate inductive signals in mesoderm other than then prechordal plate. A summary and comparison of their expression patterns is shown in Table 1 . Table 1 Summary of the expression pro®les of dkk-1, dkk-2 and dkk-3 during embryogenesis 
Expression of dkks suggests a role in mediating epithelial±mesenchyme interactions
A role for the dkk genes in epithelial±mesenchymal cell transformation is suggested by their expression patterns in primordia of structures such as heart, tooth, kidney, palate and limb buds.
The heart is the ®rst organ to form in the embryo and at least three tissues induce cardiac mesoderm, i.e. heart endoderm, the neuroectoderm and the organiser as well as the heart itself (Tam and Beddington, 1987; Lawson and Pedersen, 1992) . Dkk-1 is expressed in endoderm adjacent to the heart, then in heart mesoderm suggesting that it may participate in initial induction and patterning in the developing heart. Dkks show dynamic expression patterns in the developing heart suggesting that they may induce distinct cardiac lineages. Dkk-3 expression in heart and blood vessels is evolutionarily conserved between chicken and mouse.
In the developing craniofacial regions oral, medial and nasal epithelial differentiation is speci®ed by the underlying mesenchyme in vivo and in vitro. The ®rst steps of tooth, hair and whisker morphogenesis are similar. They involve a thickening of epithelium into placode that subsequently involutes into surrounding condensing mesenchyme. In these processes reciprocal epithelial±mesenchymal interactions occur and several signalling molecules and transcription factors have been identi®ed which mediate these interactions (Vainio et al., 1993; Thesleff et al., 1995 Thesleff et al., , 1996 . Expression of dkk-1 in mesenchyme condensations around developing hair and whisker follicles suggest that it may play a role in inducing ectoderm or in responding to inductive ectodermal signals. In contrast, dkk-2 and dkk-3 show complimentary expression patterns in tooth mesenchyme. Dkk-2 is highly expressed throughout mesoderm adjacent to palate epithelium, but is absent in mesoderm condensing around tooth placode epithelium where localised and intense expression of dkk-3 is found. These observations indicate that together dkk-2 and dkk-3 may delineate tooth mesenchymal populations.
Neural crest cells from the hindbrain form a unique population of cells which contribute to the formation of the aortic sac, septae of the heart, facial ganglia, the palate and other craniofacial regions. Dkk-1 and dkk-3 are found in all these derivatives and dkk-2 is found in all region with the exception of the heart septae. It is highly likely that cells expressing the dkk genes in these regions are neural crest and suggests that these genes may play a role in specifying this unique population of crest cells.
In the developing kidney, the nephric mesenchyme is known to undergo mesenchyme to epithelial conversion following induction by the ureteric bud (Davies and Bard, 1998; Lipschutz, 1998) . In this process dkk-1 and dkk-2 are sequentially activated in the epithelialised tubules and mesoderm condensations around the ureteric bud, respectively (unpublished observations).
The overlapping expression patterns of dkk-1, dkk-2 and dkk-3 in the developing limb buds raise the hypothesis that they pattern undifferentiated mesenchyme populations in a coordinated fashion. Similar overlap is also found in developing bone and mandible. These ®ndings suggest that the dkk genes may initially be required to pattern limb formation and later for bone morphogenesis. Intense expression of dkk-1, dkk-2 and dkk-3 are also found in limb regions actively undergoing cell death such as the interdigit regions and armpit. Candidate Wnts interacting with dkks in the forelimb patterning include Wnt-3, Wnt-4a, Wnt-6, Wnt7a, and Wnt-7b (Parr and McMahon, 1994) . Dkk-1 may play a role in bone remodelling as it is highly expressed in regions undergoing active mineralisation. Interestingly, ectopic expression of Wnt-1 and Wnt-7a in limb and craniofacial mesoderm causes a block in chondrogenesis at the early chondroblast stage (Rudnicki and Brown, 1997) . Therefore dkk-1 may be required to inhibit Wnt-1 or Wnt7a in the limb and face allowing localised chondrogenesis to occur. Thus, the expression of dkks is prominent in mesenchymal tissues in the process of epithelium-mesoderm interactions where they de®ne overlapping domains. Many other factors have been identi®ed that are expressed in either the mesenchyme or in the epithelium during their inductive interactions, such as members of the hedgehog-, TGF and BMP families. For example, sonic hedgehog (shh) and bone morphogenic protein-2 (BMP-2) are both found in tooth, hair and whisker epithelium whereas BMP-4 appears ®rst in the epithelium and then spreads into induced mesenchyme adjacent to the shh domains where the dkks are found (Bitgood and McMahon, 1995) . Similarly in the urogenital ridge, shh is found in the epithelium of urogenital sinus whereas BMP-4 is found in mesenchyme. It will be interesting to investigate the interplay between these factors in epithelial±mesenchymal transformations.
Dkks in neural epithelial lineages
Although the dkk genes are found primarily and widely expressed in mesenchymal lineages they are not mesodermrestricted factors. Xenopus dkk-1 and chicken dkk-3 are expressed in the roof plate and mouse dkk-1, dkk-2 and dkk-3 are found in the ventricular zone of the differentiating ventral diencephalon and cranial¯exure. As in mesodermal cell populations, they exhibit both temporal and spatial regulation. Like in mesenchymal lineages temporally mouse dkk-1 is the ®rst gene expressed on E8.5 p.c. and is the most ventral gene expressed, dkk-2 and dkk-3 are activated slightly later on E9.5 p.c. in more dorsal domains. Transcription of the dkk genes is reduced as the neural epithelium differentiates and cells migrate to more super®cial regions to differentiate. Thus, dkks are transcribed during early neurogenesis and may interact with Wnts such as Wnt-1 and Wnt-3a in patterning the neuroepithelium (Danielian and McMahon, 1996; Ikeya et al., 1997) .
Patterning in the developing eye may also be under the control of the dkk genes. On day E12.5 p.c. these three genes exhibit distinct patterns of expression in developing eyes, mouse dkk-1 is con®ned to the pigmented epithelium, dkk-2 in found in mesoderm/neural crest derived cells which migrate in between the surface ectoderm and the lens/iris to form the chornea and muscle whereas dkk-3 is con®ned to the neural retina. These three regions are also known to be required mutual inductive interactions between the choroid and the pigmented epithelium and between the pigmented epithelium and the retina to develop. Interestingly, prominent expression in adult eye seems to be a hallmark of all dkks and suggest an important role in this organ.
Materials and methods
Cloning of mouse dkk-2 and dkk-3
To clone mouse dkk-2 a 900 bp mouse EST fragment (Genbank AC: AA265561) was used as probe to screen a 15-day mouse cDNA library (l gt10). The two longest independent clones (3.2 kb) were sequenced, and found to contain a complete ORF (accession no. AJ243963).
To clone mouse dkk-3 two primers were designed from two conserved regions showing high homology between human and chicken dkk-3 (f, CTGATGGAGGACACG-CAGCAC. r, ACACAA/CAGCTGGTCTCC) and used to PCR-amplify a partial dkk-3 cDNA (0.4 kb) from new born mouse mRNA. The fragment was cloned into pGEM and used as probe for both in situ hybridisation and library screening for full length dkk-3. A 2.5 kb cDNA clone was found to contain the complete mouse dkk-3 open reading frame (accession no. AJ243964).
A chicken dkk-3 cDNA (Sawada et al., 1996) was PCR ampli®ed from embryonic mRNA of stage 23 chicken embryos using the primers (f: GGGGAATTCCGGG-GATGCGGCGG; r: GGGCTCGAGCTATCCAGCAG-TATCTGTTA; added EcoRI and XhoI sites are underlined).
RT-PCR
Quantitative RT-PCR was carried out as described (Gawantka et al., 1995) . Primers used were: mouse H4, mdkk-1, mdkk-2 as described (Glinka et al., 1998) . mdkk-3: (f, CGTCCTCTGAGGTGAACCTGGC; r: GTCTCG-GGTGCATAGCATCTGC; 306bp).
In situ hybridisation
Chicken eggs (White Leghorn) were obtained from commercial breeders. Eggs were incubated at 378C (70± 80% humidity) and the embryos were staged according to (Hamburger and Hamilton, 1951) . Mouse embryos and foetuses were obtained from matings between NMRI F1 mice. Day 0.5 was assumed to begin at midday on the day of the vaginal plugging. Embryos were ®xed in 4% paraformaldehyde (pH 7.2) overnight, dehydrated through an ethanol series, cleared in toluene and embedded in paraf®n. Six-micron sections were cut for each stage. In situ prehybridisations and hybridisations were carried out as described in (Wilkinson, 1992) except that the post-ethanol ®xation in paraformaldehyde was omitted. Hybridisations were carried out at 558C with 35S labelled riboprobes at a concentration of 60 ng/ml. The ®rst post-hybridisation wash was performed at 558C and subsequent washes with 50% formamide were performed at 678C. A ®nal wash in 0:1 £ SSC at 558C was performed before the sections were dehydrated. Slides were dipped in Kodak NTB2 emulsion diluted 1:1 with water and exposed at 48C for 7±14 days and developed using Kodak D19 developing solution and Kodak®x at 158C for 4 min. Sections were stained using eosin and haemotoxylin and visualised using a Zeiss Axiophot microscope. Images were acquired using a cooled 3-chip CCD camera. In some cases dark ®eld images were colour inverted and superimposed on light ®eld images of the same section using the Adobe Photoshop 3.5 graphics. To precisely map the temporal and spatial regulation of these three genes, saggital, transverse and frontal sections were prepared from mouse embryos collected between day E5.5 p.c. and day E16 p.c. and examined for the expression of dkk-1, 2 and 3 mRNA using in situ hybridisation. The clones used for synthesising the mouse antisense probe were a fulllength dkk-1 (Glinka et al., 1998) , and the 0.9 and 0.4 kb fragments of mdkk-2 and -3 described above. For Xenopus and chicken dkk-1 and dkk-3 in situ hybridisations a fulllength (Glinka et al., 1998 ) and a functionally uncharacterised clone (Sawada et al., 1996) were utilised, respectively. Mouse, Xenopus and chicken whole mount in situ hybridisation's were performed as described (Wilkinson, 1992; Gawantka et al., 1995; Haramis and Carrasco, 1998) .
